INTRODUCTION
The demand for a wireless broadband communication link capable of supporting multimedia applications at high data rates is growing. The existing RF and wired based technologies available (such as Wi-Fi, WiMax and WLAN) suffer from the bandwidth bottleneck but offer mobility and flexibility. In number of applications where higher data throughputs is more of requirement than the mobility, transmission link based on optical wireless would be one of the best options as outlined in [1] [2] [3] [4] . Recently, white LEDs have been used for both illumination and indoor wireless communications [1] [2] [3] [4] . Limited mobility can be provided using a diffuse optical wireless link but at the cost of the much reduced data rate due to multipath dispersion that gives rise to intersymbol interference (ISI) in high-speed systems. For a particular IR systems, the degree of multipath is complex to predict, and depends on many parameters such as room geometry, materials, the position of the transmitter, receiver and objects within the room, and system design.
A number of techniques have been proposed to combat ISI. In [5] guard slots are inserted into each differential pulse interval modulation scheme, whereas in [6] spread spectrum technique has been used to combat ISI but at the expense of reduced bandwidth efficiency. Angle diversity scheme based on multibeam-narrow FOV transceiver has also been employed to overcome multipath dispersion since a small fraction of the delayed light normally lies within the same field-of-view (FOV) as the primary signal as in [7] . In [8] an adaptive decision equalizer is used to combat ISI. OFDM has been used in mainly RF based wireless communication schemes offering high data rates capability as well as high bandwidth efficiency and effectively dealing with the multipath induced ISI [9] and has been proposed in optical wireless communications by researchers [10] . In OFDM a large number of closely-spaced orthogonal subcarriers, each modulated at a low symbol rate, is employed to offer overall data rates similar to conventional single-carrier modulation schemes within the same channel bandwidth [9] . Since the duration of each symbol is long compared with the channel multipath time-spreading, then by inserting a guard slot between the symbols, it is feasible to eliminate the ISI. The guard slot is much shorter than the symbol length but longer than the channel multipath time-spreading. In this paper we investigate OFDM system where multipath induced ISI and the effects of background noise are reduced by taking the advantage of narrowband frequency interference, which affects only one of the frequency subbands when compare to the single-carrier modulation. This paper is organized as follows. In section 2, we introduced the proposed optical OFDM system, whereas in section 3 channel estimation details are given. Performance analysis and simulation are outlined in section 4, and finally concluding remarks are presented in section 5.
II. OPTICAL OFDM
The Baseband model of an optical OFDM transmission system is depicted in Fig. 1 . An input binary bit stream b[i] is grouped by passed through a serial-toparallel (S/P) converter to generate parallel streams before being modulated. Here the modulation schemes adopted are the BPSK, QPSK, and M-QAM. The modulated output symbols are defined as 
, where n and k = 0, 1, 2, …, N-1. In optical system with intensity modulation, only real-value and positive signals are used, therefore in OFDM, the subcarriers should have Hermitian symmetry to produce real value. To mitigate the effects of multipath induced ISI, OFDM symbol is preceded by a guard interval of G-sample (or cyclic prefix (CP) as shown in Fig. 2 The length of G-sample depends on the channel delay spread and is normally considered to be grater than or equal to the channel length (impulse response time) to ensure prevent ISI [9] . OFDM symbol structure with a cyclic prefix.
In optical transmission with Intensity Modulation/Direct Detection (IM/DD), a DC bias is usually added to the signal to ensure that the signals are all positive [10] . Finally, the OFDM signal is passed through a parallel-to-serial converter (P/S) to generate a discrete-time OFDM symbol s(n) of duration GT NT T s , where N B f / is the frequency spacing between the subcarriers within the bandwidth B, prior to being applied to the optical source.
The received OFDM signal propagated through the channel h(n) is given by:
where w[n] is the additive white Gaussian noise (AWGN), is the photodetector responsivity, and denotes the circular convolution. As for the channel impulse response, Barry [11] proposed a recursive algorithm to take into account higher order reflections, whereas in [12] a MIMO method for speedy calculation of the impulse response is presented. In [13, 14] a Mont Carlo ray-tracing algorithm and its modified version uses both the Lambert's diffuse and the Phong's models to approximate surfaces with a strong specular component. A detailed derivation of the impulse response for the Sphere model was given in [15] and was practically measured by using the Ulbricht's integrating sphere in [16] . In [17] a fast iterative model capable of calculating high-order reflections is outlined. Due to the CP, the discrete linear convolution of s[n] and h[n] becomes a circular convolution hence simplifying the equalization process at the receiver. Thus at the receiver, the signal is passed through S/P and its CP from each received symbol is removed before being applied to the N-point FFT module for the following operation:
In OFDM system due to multi-amplitude modulation schemes, channel estimation is required for equalization and decoding provided there is no knowledge of the channel. In one dimensional channel estimation schemes pilot insertion could be done in (i) block-type and (ii) comb-type. The former uses the least square (LS) or the minimum mean-square error (MMSE) to perform estimation in a slow fading channel [18] , whereas the latter uses the LS with interpolation and the maximum likelihood (ML) to perform estimation in a rapidly changing channel [19] . Here, we have adopted the latter for the indoor optical wireless channel. In the comb-type pilot based channel arrangement, Positions of LEDs within a room with a size 3
Information on the exact locations of the pilot and data symbols as well as the values of the pilot symbols are already available at the receiver. The received pilot symbols Y p are extracted from the received OFDM signal after the FFT block for channel estimation. The estimated channel p H at pilot subcarriers for the LS estimation (where there is no need for the prior knowledge of the variance of the noise) is given as:
There are a number of interpolation schemes including the linear interpolation, the second-order interpolation, the spline cubic interpolation and the time domain interpolation which are used in the one dimensional model to extract channel information on the data subcarriers H d [18] . In [21, 23] detailed information on the number of pilots used and how to located them as optimal pilot design techniques are given.
IV. PERFORMANCE ANALYSIS AND SIMULATION
The proposed scheme is simulated with the following conditions. Optical sources used are four sets of white light LEDs located at a height of 2.5 m from the floor as shown in Fig. 3 . We assumed the user terminal is at a desk height of 85 cm. Both LOS and diffuse links are considered. The properties of photometric and radiometric are employed for the distribution of luminous intensity. The radiation pattern is assumed to be Lambertian with the order of semi-angle half illuminance of an LED equal to )) ln(cos( 2 ln 
where n is the Lambert's order expressing directivity of Distribution of illuminance for the simulation parameters.
the source beam, s P is the total optical power and 0 is the angle of maximum radiated power.
To provide sufficient lighting according to ISO, the illuminance must be between 300 to 1500 lx. All the simulation parameters adopted are listed in Table I . The distribution of illuminance is illustrated in Fig. 4 , where the maximum and minimum values of illuminance are at 1210 lx and 334 lx, respectively. Figure 5 depicted the predicted SER performance against the energy-to-noise ration (E b /N 0 ) for the BPSK, QPSK and 16-QAM modulation schemes for the LOS links showing a close match with the simulated data. Note that no pilot signal is used for the LOS links. The analytical OFDM system performance for M-QAM and QPSK modulation over AWGN channel is given by [24] :
for QPSK 
The OFDM scheme employing the BPSK shows the best performance requiring 3.5 dB and 10.5 dB lower gains than QPSK and 16-QAM at the BER of 10 -4 , but at the cost of lower data rates.
Next we considered a diffuse channel with 16 taps (i.e. L = 16). Since the number of data and pilot symbols is less than the subcarriers, we have used zero padding on both sides of the input symbols, which also provide immunity to the inter-symbol and inter-carrier interferences particularly at high data rates. Without lose of generality, we assumed the number of pilots is even which simplifies zero padding into the IFFT.
The channel impulse response in time domain is estimated by least-square error (LSE) as [20] : Gy h ( (8) and
7) Where
is the n th column of F and L is the length of the channel, F p = [f n1 ,…,f np ] , H stand for the Hermitian transpose, D is a diagonal matrix and p is the transmitted power per pilot symbol. Having h we can obtain the frequency response of the estimated channel on each subcarrier, which is used to equalize the received symbols. For the diffuse links we considered a frequency selective channel that has 16 zero-mean uncorrelated complex Gaussian random taps. Figure 6 illustrated the simulated symbol error rates (SER) versus the energy to noise ratio for OFDM system employing QPSK for a range of pilot symbols. As expected the performance improves when higher numbers of pilot symbols are used. V. CONCLUSION OFDM for indoor optical wireless communications (LOS and diffuse) using visible light LEDs have been presented. For diffuse links, pilot signals uniformly inserted into all symbols (subcarriers) were extracted at the receiver for channel estimation. The symbol error rate results for an OFDM employing BPSK, QPSK and M-QAM for LOS and diffuse links were presented for a range of pilot signal. It was shown that to achieve a lower SER high numbers of pilot signals will be need.
